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Abstract: Muscular dystrophies are a group of diseases that primarily affect striated 
muscle and are characterized by the progressive loss of muscle strength and integrity. 
Major forms of muscular dystrophies are caused by the abnormalities of the dystrophin 
glycoprotein complex (DGC) that plays crucial roles as a structural unit and scaffolds for 
signaling molecules at the sarcolemma. a-Dystrobrevin is a component of the DGC and 
directly associates with dystrophin. a-Dystrobrevin also binds to intermediate filaments as 
well as syntrophin, a modular adaptor protein thought to be involved in signaling. 
Although no muscular dystrophy has been associated within mutations of the 
a-dystrobrevin gene, emerging findings suggest potential significance of a-dystrobrevin in 
striated muscle. This review addresses the functional role of a-dystrobrevin in muscle as 
well as its possible implication for muscular dystrophy. 
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1. Introduction 

a-Dystrobrevin is a member of the dystrophin gene family with homology to the cysteine-rich 
carboxy-terminal domain of dystrophin [1,2]. a-Dystrobrevin was identified as human and mouse 
homologues of an 87 kDa phosphoprotein found at the Torpedo electric organ post-synaptic 
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membrane [1,3,4]. In striated muscle, dystrobrevin and dystrophin are both localized to the 
cytoplasmic face of the sarcolemma, and form a macromolecular complex with a variety of proteins 
and glycoproteins, termed dystrophin-glycoprotein complex (DGC) [5]. The DGC plays crucial roles 
in maintaining the structural integrity of muscle fibers by linking the extracellular matrix to the 
subsarcolemmal cytoskeleton, and also provides a scaffold for signaling molecules. The abnormalities 
of the DGC are recognized to be responsible for several forms of progressive muscular dystrophies. 
The absence of dystrophin results in loss of the entire DGC from the sarcolemma and leads to 
Duchenne muscular dystrophy (DMD) [6]. Mutations in sarcoglycan genes, one of the components of 
the DGC, result in several tj^es of limb-girdle muscular dystrophy (sarcoglycan-deficient LGMD or 
SD-LGMD). Although a-dystrobrevin directly associates with dystrophin and sarcoglycan 
complex [7,8], no mutation has been identified in muscular dystrophy patients hitherto. However, 
a-dystrobrevin knockout mice, which demonstrate mild myopathy, have provided clues of its potential 
functions in striated muscle [9]. Recently, a-dystrobrevin is known to be subject to extensive 
alternative splicing [4,10], which results in changes in its subcellular distribution and function in 
muscle [11]. Furthermore, a number of binding partner of dystrobrevin have been identified. In this 
review, we focus on the recent findings regarding the alternative splicing of a-dystrobrevin, its 
interactions with other proteins, and implications for muscular dystrophy. 

2. a-Dystrobrevin Gene and Transcripts 

The mammalian dystrobrevin protein family is comprised of a- and P-dystrobrevin which are 
encoded by the DTNA and DTNB gene, respectively [4,12]. a-Dystrobrevin is expressed predominantly 
in muscle and brain whereas P-dystrobrevin is expressed in non-muscle tissues [3,4,12]. The human 
a-dystrobrevin gene consists of 23 coding exons [10]. 

a-Dystrobrevin is known to be subject to extensive splicing regulation. The alternative usage of 
three exons — 21, 17B, and IIB — generates transcripts of different lengths encoding three major 
a-dystrobrevin isoforms in human skeletal muscle: a-dystrobrevin 1, a-dystrobrevin 2, and 
a-dystrobrevin 3 [10] (Figure 1). Additional diversity is observed due to alternative splicing within the 
coding regions referred to as variable regions 1, 2 and 3 [4]. Firstly, variable region 1 (vrl) consists of 
a short exon encoding three amino acids (exon 9). In mouse, the transcripts including this exon are 
primarily restricted to brain [4,13], but are present in brain, heart, and skeletal muscle in human [10]. 
Variable region 2 (vr2) consists of exons 17A and 17B. Exon 17B encodes the unique C-terminal tail 
of a-dystrobrevin 2. The first 21 nucleotides of exon 17B are also found in the a-dystrobrevin 1 
transcript as a result of splicing at a cryptic site [14]. In mouse, the expression of the vr2 region in the 
a-dystrobrevin 1 transcript appears to be developmentally regulated [13]. Lastly, variable region 3 
(vr3) consists of exons llA, IIB and 12. Exon IIB encodes the unique C-terminal tail of 
a-dystrobrevin 3. In a-dystrobrevin 1 and a-dystrobrevin 2, four in-frame alternatively spliced 
transcripts, may arise by joining exon 10 with either exon 1 lA, 12 or 13, or by joining exon 1 1 A with 
either 12 or 13 {i.e., lO-llA-13, 10-12-13, 10-13, lO-llA-12-13) [10]. In mouse skeletal muscle, the 
splicing of vr3 has also been reported to be developmentally controlled [13,15,16]. Previous analyses 
of mouse myoblast cultures demonstrated a transition from a-dystrobrevin lacking vr3 (Avr3) to 
a-dystrobrevin including vr3 (+vr3) during differentiation. We also showed that the frequency of vr3 
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inclusion increases in skeletal muscle tissue during normal postnatal development of mice [17]. 
However, we found that a-dystrobrevin Avr3, which should be the fetal isoform in mouse, is expressed 
exclusively in adult human muscle, and the relative amount of a-dystrobrevin +vr3 is higher in human 
fetal, than in adult, cardiac muscle [17]. These results suggest a different, or possibly an opposite, 
mode of regulation of vr3 alternative splicing between human and mouse. Since this portion, as 
described below, corresponds to one of sjaitrophin binding sites, these results might imply a functional 
difference of a-dystrobrevin between mice and human. Recently, Bohm et al. extensively analyzed the 
differences in a-dystrobrevin splicing between human and mouse [18]. They also showed the opposite 
mode of vr3 splicing regulation between human and mouse (exon 12 and 13 by their numbering 
method), hi addition, they found another novel exon just upstream of the vr3. The exon is alternatively 
spliced in human but not in mice, and suggested to contain another syntrophin binding motif, although 
the transcripts containing this exon are less expressed in skeletal muscle. 

Figure 1. Alternative splicing of human a-dystrobrevin. Exons represented as thick boxes 
are translated segments and thin boxes indicate untranslated segments. The exon 
numbering is based on [10], which is different from that proposed by [18]. Introns and 
downstream flanking regions are represented by horizontal lines. Gray boxes represent the 
alternatively spliced exons: variable regions 1 (vrl), 2 (vr2), and 3 (vr3). The different 
isoforms of protein are represented below. The identifiable domains are boxed: EF, EF 
hand region; ZZ, zinc -binding domain; CC, coiled-coil domain; Y, unique tjTosine kinase 
substrate domain. Suggested sj^trophin binding sites (SBS) and dystrophin binding site 
(DBS) are indicated. This figure is a modified version of an illustration in [17]. 
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3. Structure of Dystrobrevin Protein and Localization in Striated Muscle 

a-Dystrobrevin is comprised of four major domains, two EF-hand motifs that potentially bind 
calcium, a ZZ-domain, an a-helical coiled-coil domain containing a dystrophin binding site, and a 
tjTosine kinase substrate domain (Figure 1) [7]. a-Dystrobrevin 1, a-dystrobrevin 2 and 

a-dystrobrevin 3 bind to the sarcoglycan complex via the A^-terminal region [8]. a-Dystrobrevin 1 and 
a-dystrobrevin 2 bind dystrophin through the highly conserved coiled-coil domain [2,7]. a-Dystrobrevin 1 
and a-dystrobrevin 2 have syntrophin binding sites at the upstream of the coiled-coil domain [19]. 

a-Dystrobrevin 1, which has a unique C-terminal tyrosine kinase substrate domain [1,4], is 
localized in the sarcolemma and is abundant at the neuromuscular junction (NMJ), especially in the 
crest of the junctional folds [11,14,15,20]. a-Dystrobrevin 2 is localized around the entire 
circumference of the sarcolemmal membrane including the NMJ, and concentrated in the troughs of 
the folds [11]. a-Dystrobrevin 2 co-localizes with only dystrophin at the NMJ, while a-dystrobrevin 1 
co-localizes with both dystrophin as well as utrophin which shares structural and functional similarities 
with dystrophin [11]. a-Dystrobrevin 3, which lacks both syntrophin and dystrophin binding sites, is 
capable of binding to the sarcoglycan complex via the A'^-terminal region [8]. a-Dystrobrevin 3 has 
been suggested to be localized in the cytoplasm [21]. 

4. The Role of Dystrobrevin for Structural Integrity of Muscle — Interaction with Cytoskeletal 
Binding Partners 

a-Dystrobrevin is a component of DGC, which is indispensable for the structural integrity of 
muscle. As mentioned above, it directly associates with dystrophin at its coiled-coil domain and with 
sarcoglycan complex in its A^-terminal half. As is the case with dystrophin, a-dystrobrevin may 
also function as a structural scaffold linking the DGC to the intracellular c)4oskeleton. By using 
the yeast two-hybrid and co-immunoprecipitation analysis, several groups identified additional 
a-dystrobrevin-binding proteins: sjmcoilin, P-s)aiemin, and dysbindin [22-24] (Figure 2). Syncoilin 
and P-synemin are both intermediate filament (IF) proteins. The IFs play a structural role by forming 
an important part of the cell cytoskeleton and providing mechanical stability to the cells [25]. In 
muscle cells, the IFs encircle the Z-lines of each integral myofibril, thereby connecting all adjacent 
myofibrils and Unking the Z-lines of the peripheral layer of cellular myofibrils to the sarcolemma [26]. 

Syncoilin is highly expressed in striated muscle, and co-localizes with a-dystrobrevin at the NMJ 
and sarcolemma. Syncoilin interacts with a-dystrobrevin via vr3 and its flanking region [22]. Syncoilin 
also binds to desmin, a muscle-specific intermediate filament protein, and has been thought to organize 
desmin filaments to the Z-line [27]. The a-dystrobrevin/syncoilin interaction provides a further 
physical linkage between the DGC and the cytoskeleton, in addition to the well -characterized linkage 
between dystrophin and actin. Interestingly, syncoilin-nuU mice show a reduced force-generating 
capacity, suggesting that the link with syncoilin may be important for force transduction during 
contraction, although the DGC is still intact without syncoilin [28]. In addition, the increased syncoilin 
immunolabeling was reported in the sarcolemma of immature regenerating fibers in patients with 
Duchene muscular dystrophy [29] and mouse models of muscle disease [22]. This suggests that 
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syncoilin and its binding partner, a-dystrobrevin +vr3, may be required for muscle regeneration in 
response to injury. 

Figure 2. Schematic illustration of the dystrophin-glycoprotein complex network in 
muscle. a-Dystrobrevin (a-DB) forms a core part of the DGC with dystrophin, syntrophin, 
a-dystroglycan (a-DG), P-dystroglycan (P-DG), sarcoglycan complex (SGC), and 
sarcospan (SPN). Proteins involved in structural integrity and signaling are highlighted in 
purple and red, respectively. 




P-Synemin is a large, heteropolymeric IF protein that forms IFs with other major IF proteins, such 
as desmin [23]. P-Synemin interacts and co-localizes with a-dystrobrevin at the NMJ and 
myotendinous junction (MTJ) [23,30]. The a-dystrobrevin/p-synemin interaction provides another 
connection between the IF networks and the DGC. Furthermore, P-synemin interacts with plectin, a 
linker protein of IFs to Z-discs [31]. Interestingly, plectin is also suggested to interact directly with 
a-dystrobrevin. Taken together, these interactions between a-dystrobrevin and IF proteins would 
stabilize the sarcolemma and protect it against contraction-imposed stress by tethering IFs to the DGC 
at the sarcolemma (Figure 2). 

Dysbindin is a ubiquitously expressed coiled-coil-containing protein, although the expression in 
muscle is relatively low [24]. In skeletal muscle, dysbindin is located at the sarcolemma. Dysbindin 
binds to a-dystrobrevin through coiled-coil domains and interact with myospryn [24,32]. Lastly, 
myospryn is a muscle- specific protein, localized to the sarcolemmal region of skeletal muscle. 
Myospryn is suggested to function as a docking platform for additional structural proteins and 
signaling molecules, such as a-actinin 2 and protein kinase A, respectively [33,34]. 

5. The Role of Dystrobrevin in Signaling — Interaction with Syntrophin 

a-Dystrobrevin 1 and a-dystrobrevin 2 bind directly with syntrophin, which is a modular adaptor 
protein thought to be involved in signaling [35-38] (Figure 2). Skeletal muscle contains several 
isoforms — a-, pi-, P2-, and Y2-syntrophin — encoded by different genes [38-42]. a-Syntrophin is the 
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major isofomi in skeletal and cardiac muscles [36,38,41], being expressed in the sarcolemma and 
NMJ [14,20]. pi-Syntrophin also localizes at the sarcolemma and NMJ, whereas P2- and 
y2-syntrophin are largely confined to the NMJ. With regard to the syntrophin binding site on Torpedo 
87K protein, a homologue of human a-dystrobrevin 1, Dwyer et al. mapped the a-syntrophin binding 
site to a region analogous to exons 12-13 of human a-dystrobrevin [37], and Ahn et al. reported a 
pi-s)Titrophin binding site in a region corresponding to exons 13-14 of human a-dystrobrevin [36]. 
From yeast two-hybrid study, Newey et al. identified another binding site situated within the vr3 
region in mouse, and suggested that a-dystrobrevin contains two independent sjoitrophin binding sites 
in tandem [43]. Recently, we directly confirmed that a-sjmtrophin interacts with a-dystrobrevin via the 
vr3 domain in human muscle and revealed dramatic decrease in binding between a-sjaitrophin and 
a-dystrobrevin mutant in vr3 [17]. a-Syntrophin knockout mice exhibit marked hj^ertrophy during 
muscle regeneration and deranged NMJ accompanied by impaired ability to exercise, suggesting a role 
of a-syntrophin in the regulation of muscle volume and formation of highly organized NMJ [44,45]. 

Syntrophin has the potential to co-ordinate the assembly of several important proteins such as 
neuronal nitric oxide synthase (nNOS) [46], stress-activated protein kinase-3 [47], Grb2 [48], and 
calmodulin [49,50] to the DGC. nNOS generates NO from L-arginine in many different cells. nNOS at 
the sarcolemma regulates local blood flow in contracting skeletal muscle in part by antagonizing 
sympathetic vasoconstriction [51]. The expression of nNOS is decreased in many muscular 
dystrophies, resulting in decreased vasodilation [52]. Consistent with nNOS being associated with 
a-syntrophin in muscle, a-syntrophin knockout mice lack sarcolemmal nNOS [53]. It is also reported 
that normalized production of NO protects dystrophin-deficient mdx muscle from degeneration [54]. 
Recently, transient receptor potential channels (TRPCs) were also found to associate with 
a-sjTitrophin [55]. These channels anchored to the DGC are suggested to form a signaling complex 
that modulates cation entry and regulates calcium homeostasis in skeletal muscles [56]. Calcium 
homeostasis and calcium-dependent signaling pathways play an important role in regulating muscle 
contractility, metabolism, and gene expression [57]. Thus, these signaling pathways via a- 
dystrobrevin/sjmtrophin may have a significant impact on muscle function. 

Very recently, a-catulin, a catenin/vinculin-related molecule, was identified as a binding partner of 
a-dystrobrevin 1 [58]. a-Catulin, which co-localizes with a-dystrobrevin at nerve bundles and blood 
vessels, is thought to regulate aiD-adrenergic receptor signal transduction. It was shown that a-catulin 
interact with a-dystrobrevin 1 at its C-terminal domain. Since a-catulin is ubiquitously expressed, 
including in skeletal muscle [59], the interaction between a-dystrobrevin and a-catulin may be 
involved in some forms of receptor-mediated signaling in skeletal muscle. 

6. Dystrobrevin in Muscle Disease 

Despite the evidence that abnormalities of the DGC components cause various muscular 
dystrophies, so far no mutation in a-dystrobrevin has been reported in muscular dystrophy patients. 
However, a missense mutation was found in a four-generation Japanese family with left ventricular 
non-compaction (LVNC) [60], a cardiomyopathy, often associated with neuromuscular disorders [61]. 
LVNC is characterized by a pattern of prominent trabecular meshwork and deep inter-trabecular 
recesses, and is thought to be caused by arrest of normal endomyocardial morphogenesis [62]. 
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Histological analysis showed that the level of a-dystrobrevin is greatly reduced at the sarcolemma 
of patients with DMD and SD-LGMD, suggesting that dystrophin and sarcoglycan are required for 
anchorage of a-dystrobrevin at the sarcolemma [21]. On the other hand, Jones et al. analyzed the 
expression of a-dystrobrevin by immunohistochemistry in biopsies from 162 patients with myopathies 
of unknown etiology with normal staining for dystrophin and other dystrophin-associated proteins [14]. 
Among the patients, deficiency of a-dystrobrevin was found in 16 patients, while no mutation was 
identified in the coding region of the a-dystrobrevin gene. Although there was a significant variety in 
severity and age of onset, all patients presented with congenital-onset hj^otonia and weakness, 
indicating a new disease entity caused by a-dystrobrevin deficiency. 

In addition, mice lacking a-dystrobrevin exhibit skeletal and cardiac myopathies, defects of NMJ 
maturation, and abnormal myotendinous junctions [9,63,64]. At NMJs in a-dystrobrevin knockout 
mice, the distribution of acetylcholine receptor (AChR) becomes granular in appearance with ragged 
edges. Myotube cultures from a-dystrobrevin knockout mice forms normal AChR clusters; however, 
these clusters quickly disappear into micro-aggregates, suggesting that a-dystrobrevin is not required 
for initial formation of the postsynaptic apparatus at the NMJ, but indispensable for its maturation and 
stabilization. Despite the presence of a structurally intact DGC in the sarcolemma, these mice show a 
striking displacement of nNOS from the sarcolemma and impaired NO-mediated signaling [9]. 
Moreover, the biochemical association between dystrophin and P-dystroglycan is impaired in 
a-dystrobrevin knockout mice, suggesting a role for a-dystrobrevin in stabilizing the DGC [65]. 

Furthermore, we revealed mis-regulated alternative splicing of a-dystrobrevin in muscle from 
myotonic dystrophy type 1 (DM1) patients [17]. DM1 is proposed as a "spliceopathy", i.e., a 
^rans-effect on the alternative splicing of many RNAs, leading to inappropriate expression of 
aberrantly spliced products, such as CI channel, ryanodine receptor and dystrophin [66-69]. 
a-Dystrobrevin mRNA including vr3 is increased in both skeletal and cardiac muscle of DM1 patients. 
Interestingly, the splicing abnormality is correlated with the muscular disability of DM1. The 
aberrantly spliced a-dystrobrevin isoform has an increased binding capacity for a-sjaitrophin, thereby 
recruiting excess a-syntrophin to the sarcolemma in DM1 muscle. 

7. Concluding Remarks 

A number of proteins that comprise the link between striated muscle Z-disc and peripheral 
structures, such as the costamere, have been discovered. Recent studies suggest that this protein 
network acts as a structural and signaling center for striated muscle to ensure coordinated contractile 
activity. The importance of the network to normal muscle function has emerged from investigations 
into the causes of muscular dystrophies and cardiomyopathies. One of the key players in the network is 
a-dystrobrevin that mediates signaling and structural function of the DGC. Although functional 
differences among the various splicing variants and detailed roles of their counterparts still remain 
unknown, future studies will shed much more light on the importance of a-dystrobrevin in striated 
muscle and implications for muscular dystrophy. 



Int. J. Mol. Sci. 2011, 12 



1667 



Acknowledgements 

This work was supported by Intramural Research Grant (20B-13) for Neurological and Psychiatric 
Disorders of NCNP, Research Grants for Intractable Disease from the Ministry of Health Labour and 
Welfare, and grants-in-aid for Scientific Research from the Japan Society for the Promotion of Science 
to M.P.T., and by postdoctoral fellowships from the Cell Science Research Foundation and the Uehara 
Memorial Foundation to M.N. 

References 

1. Wagner, K.R.; Cohen, J.B.; Huganir, R.L. The 87K postsjTiaptic membrane protein from Torpedo 
is a protein-tjTosine kinase substrate homologous to dystrophin. Neuron 1993, 10, 511-522. 

2. Blake, D.J.; Tinsley, J.M.; Davies, K.E.; Knight, A.E.; Winder, S.J.; Kendrick- Jones, J. 
Coiled-coil regions in the carboxy-terminal domains of dystrophin and related proteins: Potentials 
for protein-protein interactions. Trends Biochem. Sci. 1995, 20, 133-135. 

3. Sadoulet-Puccio, H.M.; Khurana, T.S.; Cohen, J.B.; Kunkel, L.M. Cloning and characterization of 
the human homologue of a dystrophin related phosphoprotein found at the Torpedo electric organ 
post-synaptic membrane. Hum. Mol. Genet. 1996, 5, 489-496. 

4. Blake, D.J.; Nawrotzki, R.; Peters, M.F.; Froehner, S.C.; Davies, K.E. Isoform diversity of 
dystrobrevin, the murine 87-kDa postsynaptic protein. J. Biol. Chem. 1996, 271, 7802-7810. 

5. Lapidos, K.A.; Kakkar, R.; McNally, E.M. The dystrophin glycoprotein complex: Signaling 
strength and integrity for the sarcolemma. Circ. Res. 2004, 94, 1023-1031. 

6. Ozawa, E.; Noguchi, S.; Mizuno, Y.; Hagiwara, Y.; Yoshida, M. From dystrophinopathy to 
sarcoglycanopathy: Evolution of a concept of muscular dystrophy. Muscle Nerve 1998, 21, 
421^38. 

7. Sadoulet-Puccio, H.M.; Rajala, M.; Kunkel, L.M. Dystrobrevin and dystrophin: An interaction 
through coiled-coil motifs. Proc. Natl. Acad. Sci. USA 1997, 94, 12413-12418. 

8. Yoshida, M.; Hama, H.; Ishikawa-Sakurai, M.; Imamura, M.; Mizuno, Y.; Araishi, K.; 
Wakabayashi-Takai, E.; Noguchi, S.; Sasaoka, T.; Ozawa, E. Biochemical evidence for 
association of dystrobrevin with the sarcoglycan-sarcospan complex as a basis for understanding 
sarcoglycanopathy. Hum. Mol. Genet. 2000, 9, 1033-1040. 

9. Grady, R.M.; Grange, R.W.; Lau, K.S.; Maimone, M.M.; Nichol, M.C.; StuU, J.T.; Sanes, J.R. 
Role for alpha-dystrobrevin in the pathogenesis of dystrophin-dependent muscular dystrophies. 
Nat. Cell Biol. 1999, 1, 215-220. 

10. Sadoulet-Puccio, H.M.; Feener, C.A.; Schaid, D.J.; Thibodeau, S.N.; Michels, V.V.; Kunkel, L.M. 
The genomic organization of human dystrobrevin. Neurogenetics 1997, 1, 37-42. 

11. Peters, M.F.; Sadoulet-Puccio, H.M.; Grady, M.R.; Kramarcy, N.R.; Kunkel, L.M.; Sanes, J.R.; 
Sealock, R.; Froehner, S.C. Differential membrane localization and intermolecular associations of 
alpha-dystrobrevin isoforms in skeletal muscle. J. Cell Biol. 1998, 142, 1269-1278. 

12. Peters, M.F.; O'Brien, K.F.; Sadoulet-Puccio, H.M.; Kunkel, L.M.; Adams, M.E.; Froehner, S.C. 
beta-dystrobrevin, a new member of the dystrophin family. Identification, cloning, and protein 
associations. J. Biol. Chem. 1997, 272, 31561-31569. 



Int. J. Mol. Sci. 2011, 12 



1668 



13. Enigk, R.E.; Maimone, M.M. Differential expression and developmental regulation of a novel 
alpha-dystrobrevin isoform in muscle. Gene 1999, 238, 479^88. 

14. Jones, K.J.; Compton, A.G.; Yang, N.; Mills, M.A.; Peters, M.F.; Mowat, D.; Kunkel, L.M.; 
Froehner, S.C.; North, K.N. Deficiency of the syntrophins and alpha-dystrobrevin in patients with 
inherited myopathy. Neuromuscul. Disord. 2003, 13, 456-467. 

15. Nawrotzki, R.; Loh, N.Y.; Ruegg, M.A.; Davies, K.E.; Blake, D.J. Characterisation of 
alpha-dystrobrevin in muscle. /. Cell Sci. 1998, 111, 2595-2605. 

16. Holzfeind, P.J.; Ambrose, H.J.; Newey, S.E.; Nawrotzki, R.A.; Blake, D.J.; Davies, K.E. 
Tissue-selective expression of alpha-dystrobrevin is determined by multiple promoters. J. Biol. 
Chem. 1999, 274, 6250-6258. 

17. Nakamori, M.; Kimura, T.; Kubota, T.; Matsumura, T.; Sumi, H.; Fujimura, H.; Takahashi, M.P.; 
Sakoda, S. Aberrantly spliced alpha-dystrobrevin alters alpha-sjmtrophin binding in myotonic 
dystrophy type 1. Neurology 2008, 70, 677-685. 

18. Bohm, S.V.; Constantinou, P.; Tan, S.; Jin, H.; Roberts, R.G. Profound human/mouse differences 
in alpha-dystrobrevin isoforms: A novel syntrophin-binding site and promoter missing in mouse 
and rat. BMC Biol. 2009, 7, 85. 

19. Froehner, S.C.; Adams, M.E.; Peters, M.F.; Gee, S.H. Syntrophins: Modular adapter proteins at 
the neuromuscular junction and the sarcolemma. Soc. Gen. Physiol. Ser. 1997, 52, 191-201 . 

20. Compton, A.G.; Cooper, S.T.; Hill, P.M.; Yang, N.; Froehner, S.C.; North, K.N. The 
syntrophin-dystrobrevin subcomplex in human neuromuscular disorders. /. Neuropathol. Exp. 
Neurol. 2005, 64, 350-361. 

21. Metzinger, L.; Blake, D.J.; Squier, M.V.; Anderson, L.V.; Deconinck, A.E.; Nawrotzki, R.; 
Hilton- Jones, D.; Davies, K.E. Dystrobrevin deficiency at the sarcolemma of patients with 
muscular dystrophy. Hum. Mol. Genet. 1997, 6, 1185-1191. 

22. Newey, S.E.; Howman, E.V.; Ponting, CP.; Benson, M.A.; Nawrotzki, R.; Loh, N.Y.; 
Davies, K.E.; Blake, D.J. Sjmcoilin, a novel member of the intermediate filament superfamily that 
interacts with alpha-dystrobrevin in skeletal muscle. J. Biol. Chem. 2001, 276, 6645-6655. 

23. Mizuno, Y.; Thompson, T.G.; Guyon, J.R.; Lidov, H.G.; Brosius, M.; Imamura, M.; Ozawa, E.; 
Watkins, S.C.; Kunkel, L.M. Desmuslin, an intermediate filament protein that interacts with alpha 
-dystrobrevin and desmin. Proc. Natl. Acad. Sci. USA 2001, 98, 6156-6161. 

24. Benson, M.A.; Newey, S.E.; Martin-Rendon, E.; Hawkes, R.; Blake, D.J. Dysbindin, a novel 
coiled-coil-containing protein that interacts with the dystrobrevins in muscle and brain. J. Biol. 
Chem. 2001, 276, 24232-24241. 

25. Lazarides, E. Intermediate filaments as mechanical integrators of cellular space. Nature 1980, 
283, 249-256. 

26. Robson, R.M.; Huiatt, T.W.; Bellin, R.M. Muscle intermediate filament proteins. Methods Cell 
Biol. 2004, 75,519-553. 

27. Poon, E.; Howman, E.V.; Newey, S.E.; Davies, K.E. Association of syncoiUn and desmin: linking 
intermediate filament proteins to the dystrophin-associated protein complex. /. Biol. Chem. 2002, 
277, 3433-3439. 



Int. J. Mol. Sci. 2011, 12 



1669 



28. Zhang, J.; Bang, M.L.; Gokhin, D.S.; Lu, Y.; Cui, L.; Li, X.; Gu, Y.; Dalton, N.D.; Scimia, M.C.; 
Peterson, K.L.; Lieber, R.L.; Chen, J. Syncoilin is required for generating maximum isometric 
stress in skeletal muscle but dispensable for muscle cj^oarchitecture. Am. J. Physiol. Cell Physiol. 
2008, 294, C1175-C1182. 

29. Brown, S.C.; Torelli, S.; Ugo, I.; de Biasia, R; Howman, E.V.; Poon, E.; Britton, J.; Davies, K.E.; 
Muntoni, F. Sjmcoilin upregulation in muscle of patients with neuromuscular disease. Muscle 
NerveimS, 32,1X5-115. 

30. Mizuno, Y.; Guyon, J.R.; Watkins, S.C.; Mizushima, K.; Sasaoka, T.; Imamura, M.; 
Kunkel, L.M.; Okamoto, K. Beta-sjmemin localizes to regions of high stress in human skeletal 
myofibers. Muscle Nerve 2004, 30, 337-346. 

31. Hijikata, T.; Nakamura, A.; Isokawa, K.; Imamura, M.; Yuasa, K.; Ishikawa, R.; Kohama, K.; 
Takeda, S.; Yorifuji, H. Plectin 1 links intermediate filaments to costameric sarcolemma through 
beta-synemin, alpha-dystrobrevin and actin. J. Cell Sci. 2008, 121, 2062-2074. 

32. Benson, M.A.; Tinsley, C.L.; Blake, D.J. Myospryn is a novel binding partner for dysbindin in 
muscle. J. Biol. Chem. 2004, 279, 10450-10458. 

33. Durham, J.T.; Brand, O.M.; Arnold, M.; Reynolds, J.G.; Muthukumar, L.; Weiler, H.; 
Richardson, J.A.; Naya, F.J. Myospryn is a direct transcriptional target for MEF2A that encodes a 
striated muscle, alpha-actinin-interacting, costamere-localized protein. J. Biol. Chem. 2006, 281 , 
6841-6849. 

34. Sarparanta, J. Biology of myospryn: What's known? /. Muscle Res. Cell Motil. 2008, 29, 177-180. 

35. Butler, M.H.; Douville, K.; Mumane, A.A.; Kramarcy, N.R.; Cohen, J.B.; Sealock, R.; 
Froehner, S.C. Association of the Mr 58,000 postsynaptic protein of electric tissue with Torpedo 
dystrophin and the Mr 87,000 postsynaptic protein. J. Biol. Chem. 1992, 267, 6213-6218. 

36. Ahn, A.H.; Kunkel, L.M. Syntrophin binds to an alternatively spliced exon of dystrophin. J. Cell 
Biol. 1995, 128, 363-371. 

37. Dwyer, T.M.; Froehner, S.C. Direct binding of Torpedo syntrophin to dystrophin and the 87 kDa 
dystrophin homologue. FEBS Lett. 1995, 375, 91-94. 

38. Ahn, A.H.; Freener, C.A.; Gussoni, E.; Yoshida, M.; Ozawa, E.; Kunkel, L.M. The three human 
syntrophin genes are expressed in diverse tissues, have distinct chromosomal locations, and each 
bind to dystrophin and its relatives. J. Biol. Chem. 1996, 271, 2724-2730. 

39. Adams, M.E.; Butler, M.H.; Dwyer, T.M.; Peters, M.F.; Murnane, A.A.; Froehner, S.C. Two 
forms of mouse syntrophin, a 58 kd dystrophin-associated protein, differ in primary structure and 
tissue distribution. Neuron 1993, 531-540. 

40. Yang, B.; Ibraghimov-Beskrovnaya, O.; Moomaw, C.R.; Slaughter, C.A.; Campbell, K.P. 
Heterogeneity of the 59-kDa dystrophin-associated protein revealed by cDNA cloning and 
expression. J. Biol. Chem. 1994, 269, 6040-6044. 

41. Peters, M.F.; Adams, M.E.; Froehner, S.C. Differential association of syntrophin pairs with the 
dystrophin complex. /. Cell Biol. 1997, 138, 81-93. 

42. Piluso, G.; Mirabella, M.; Ricci, E.; Belsito, A.; Abbondanza, C; Servidei, S.; Puca, A.A.; 
Tonali, P.; Puca, G.A.; Nigro, V. Gammal- and gamma2-syntrophins, two novel 
dystrophin-binding proteins localized in neuronal cells. J. Biol. Chem. 2000, 275, 15851-15860. 



Int. J. Mol. Sci. 2011, 12 



1670 



43. Newey, S.E.; Benson, M.A.; Ponting, CP.; Davies, K.E.; Blake, D.J. Alternative splicing of 
dystrobrevin regulates the stoichiometry of syntrophin binding to the dystrophin protein complex. 
Curr. Biol. 2000, 10, 1295-1298. 

44. Adams, M.E.; Kramarcy, N.; Krall, S.P.; Rossi, S.G.; Rotundo, R.L.; Sealock, R.; Froehner, S.C. 
Absence of alpha-syntrophin leads to structurally aberrant neuromuscular synapses deficient in 
utrophin. J. Cell Biol. 2000, 150, 1385-1398. 

45. Hosaka, Y.; Yokota, T.; Miyagoe-Suzuki, Y.; Yuasa, K.; Imamura, M.; Matsuda, R.; Lcemoto, T.; 
Kameya, S.; Takeda, S. Alphal-sjmtrophin-deficient skeletal muscle exhibits hypertrophy and 
aberrant formation of neuromuscular junctions during regeneration. /. Cell Biol. 2002, 158, 
1097-107. 

46. Brenman, J.E.; Chao, D.S.; Gee, S.H.; McGee, A.W.; Craven, S.E.; Santillano, D.R.; Wu, Z.; 
Huang, F.; Xia, H.; Peters, M.F.; Froehner, S.C.; Bredt, D.S. Interaction of nitric oxide synthase 
with the postsynaptic density protein PSD-95 and alpha 1 -syntrophin mediated by PDZ domains. 
Cell 1996, 84, 151-161. 

47. Hasegawa, M.; Cuenda, A.; Spillantini, M.G.; Thomas, G.M.; Buee-Scherrer, V.; Cohen, P.; 
Goedert, M. Stress-activated protein kinase-3 interacts with the PDZ domain of alphal -syntrophin. 
A mechanism for specific substrate recognition. /. Biol. Chem. 1999, 274, 12626-12631. 

48. Oak, S.A.; Russo, K.; Petrucci, T.C.; Jarrett, H.W. Mouse alphal -syntrophin binding to Grb2: 
Further evidence of a role for syntrophin in cell signaling. Biochemistry 2001, 40, 1 1270-1 1278. 

49. Madhavan, R.; Massom, L.R.; Jarrett, H.W. Calmodulin specifically binds three proteins of the 
dystrophin-glycoprotein complex. Biochem. Biophys. Res. Commun. 1992, 185, 753-759. 

50. Iwata, Y.; Pan, Y.; Yoshida, T.; Hanada, H.; Shigekawa, M. Alphal -syntrophin has distinct 
binding sites for actin and calmodulin. FEBS Lett. 1998, 423, \12>-\11. 

51. Thomas, G.D.; Sander, M.; Lau, K.S.; Huang, P.L.; StuU, J.T.; Victor, R.G. Impaired metabolic 
modulation of alpha-adrenergic vasoconstriction in dystrophin-deficient skeletal muscle. Proc. 
Natl. Acad. Sci. USA 1998, 95, 15090-15095. 

52. DalkiUc, I.; Kunkel, L.M. Muscular dystrophies: Genes to pathogenesis. Curr. Opin. Genet. Dev. 
2003, 13, 231-238. 

53. Kameya, S.; Miyagoe, Y.; Nonaka, I.; Ikemoto, T.; Endo, M.; Hanaoka, K.; Nabeshima, Y.; 
Takeda, S. alphal-syntrophin gene disruption results in the absence of neuronal-type nitric-oxide 
synthase at the sarcolemma but does not induce muscle degeneration. /. Biol. Chem. 1999, 274, 
2193-2200. 

54. Wehling, M.; Spencer, M.J.; Tidball, J.G. A nitric oxide synthase transgene ameliorates muscular 
dystrophy in mdx mice. /. Cell Biol. 2001, 155, 123-131. 

55. Vandebrouck, A.; Sabourin, J.; Rivet, J.; Balghi, H.; Sebille, S.; Kitzis, A.; Raymond, G.; 
Cognard, C; Bourmeyster, N.; Constantin, B. Regulation of capacitative calcium entries by 
alphal-syntrophin: association of TRPCl with dystrophin complex and the PDZ domain of 
alphal-syntrophin. FASEB J. 2007, 21, 608-617. 

56. Sabourin, J.; Lamiche, C; Vandebrouck, A.; Magaud, C; Rivet, J.; Cognard, C; 
Bourmeyster, N.; Constantin, B. Regulation of TRPCl and TRPC4 cation channels requires an 
alphal -sjmtrophin-dependent complex in skeletal mouse myotubes. /. Biol. Chem. 2009, 284, 
36248-36261. 



Int. J. Mol. Sci. 2011, 12 



1671 



57. Treves, S.; Anderson, A.A.; Ducreux, S.; Divet, A.; Bleunven, C; Grasso, C; Paesante, S.; 
Zorzato, F. Ryanodine receptor 1 mutations, dysregulation of calcium homeostasis and 
neuromuscular disorders. Neuromuscul. Disord. 2005, 15, 577-587. 

58. Lyssand, J.S.; Whiting, J.L.; Lee, K.S.; Kastl, R.; Wacker, J.L.; Bruchas, M.R.; Miyatake, M.; 
Langeberg, L.K.; Chavkin, C; Scott, J.D.; Gardner, R.G.; Adams, M.E.; Hague, C. a-Dystrobrevin-1 
recruits a-catulin to the alD-adrenergic receptor/dystrophin-associated protein complex 
signalosome. Proc. Natl. Acad. Sci. USA 2010, 107, 21854-21859. 

59. Janssens, B.; Staes, K.; van Roy, F. Human alpha-catulin, a novel alpha-catenin-like molecule 
with conserved genomic structure, but deviating alternative splicing. Biochim. Biophys. Acta 
1999, 1447, 341-347. 

60. Ichida, F.; Tsubata, S.; Bowles, K.R.; Haneda, N.; Uese, K.; Miyawaki, T.; Dreyer, W.J.; 
Messina, J.; Li, H.; Bowles, N.E.; Towbin, J.A. Novel gene mutations in patients with left 
ventricular noncompaction or Barth syndrome. Circulation 2001, 103, 1256-1263. 

61. Stollberger, C; Winkler-Dworak, M.; Blazek, G.; Finsterer, J. Left ventricular hypertrabeculation/ 
noncompaction with and without neuromuscular disorders. Int. J. Cardiol. 2004, 97, 89-92. 

62. Ichida, F. Left ventricular noncompaction. Circ. J. 2009, 73, 19-26. 

63. Grady, R.M.; Zhou, H.; Cunningham, J.M.; Henry, M.D.; Campbell, K.P.; Sanes, J.R. Maturation 
and maintenance of the neuromuscular synapse: Genetic evidence for roles of the 
dystrophin — glycoprotein complex. Neuron 2000, 25, 279-293. 

64. Grady, R.M.; Akaaboune, M.; Cohen, A.L.; Maimone, M.M.; Lichtman, J.W.; Sanes, J.R. 
Tyrosine-phosphorylated and nonphosphorylated isoforms of alpha-dystrobrevin: Roles in skeletal 
muscle and its neuromuscular and myotendinous junctions. /. Cell Biol. 2003, 160, 741-752. 

65. Bunnell, T.M.; Jaeger, M.A.; Fitzsimons, D.P.; Prins, K.W.; Ervasti, J.M. Destabilization of the 
dystrophin-glycoprotein complex without functional deficits in alpha-dystrobrevin null muscle. 
PLoS One 2008, 3, e2604. 

66. Mankodi, A.; Takahashi, M.P.; Jiang, H.; Beck, C.L.; Bowers, W.J.; Moxley, R.T.; Cannon, S.C.; 
Thornton, C.A. Expanded CUG repeats trigger aberrant splicing of ClC-1 chloride channel 
pre-mRNA and hyperexcitability of skeletal muscle in myotonic dystrophy. Mol. Cell 2002, 10, 
35-44. 

67. Kimura, T.; Nakamori, M.; Lueck, J.D.; Pouliquin, P.; Aoike, F.; Fujimura, H.; Dirksen, R.T.; 
Takahashi, M.P.; Dulhunty, A.F.; Sakoda, S. Altered mRNA splicing of the skeletal muscle 
ryanodine receptor and sarcoplasmic/endoplasmic reticulum Ca^"^-ATPase in myotonic dystrophy 
type 1. Hum. Mol. Genet. 2005, 14, 2189-2200. 

68. Osborne, R.J.; Thornton, C.A. RNA-dominant diseases. Hum. Mol. Genet. 2006, 15, R162-R169. 

69. Nakamori, M.; Kimura, T.; Fujimura, H.; Takahashi, M.P.; Sakoda, S. Altered mRNA splicing of 
dystrophin in type 1 myotonic dystrophy. Muscle Nerve 2007, 36, 251-257. 

© 2011 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article 
distributed under the terms and conditions of the Creative Commons Attribution license 
(http ://creativecommons . org/licenses/by/3 .0/) . 



